The relative complex dielectric permittivity, ⑀*ϭ⑀ЈϪi⑀Љ, of ice has been measured in the frequency range 5-39 GHz and in the temperature range 190-265 K. The cavity resonator method at 5 and 10 GHz and the open resonator method at 33 and 39 GHz were used to determine the low dielectric loss of ice. The real part of permittivity ⑀Ј was independent of the frequency. The temperature dependence of ⑀Ј was observed and is discussed in terms of contributions from anharmonic effects to infrared polarizability. The ⑀Љ obtained bridges the gap of previous results between 200 and 258 K. We discuss the frequency and temperature dependence of the effect of the infrared absorption band on ⑀Љ. The ⑀Љ variation with frequency increased as the temperature decreased at 5-39 GHz. It is possible that absorption takes place at frequencies below the infrared region.
I. INTRODUCTION
An understanding of the microwave remote sensing signatures of the polar environment is dependent on a knowledge of the relative complex dielectric permittivity, ⑀*ϭ⑀ЈϪi⑀Љ, of ice. So far, many studies of the dielectric properties of ice have been carried out at microwave frequencies. The results of the investigations have been reviewed by Evans 1 and by Warren. 2 The results indicate that the real part of the permittivity ⑀Ј is 3.17Ϯ0.07, independent of frequency, and the temperature dependence is small at microwave frequencies within the estimated errors. Gough 3 and Johari 4 discussed the small temperature dependence of ⑀Ј from their MHz frequency data.
Further study was performed by Mätzler and Wegmüller 5 at microwave frequencies. They clarified the slight temperature dependence of ⑀Ј above 245 K and found that the variation with frequency is less than 0.002 between 2.4 and 9.6 GHz. Recently, the anisotropy of ⑀Ј was observed by Fujita, Mae, and Matsuoka at 9.7 GHz, giving values of 0.037Ϯ0.007 and about 1.2%Ϯ0.2%.
The situation with respect to the imaginary part of permittivity ⑀Љ for ice is, on the other hand, very unsatisfactory. Warren 2 reported that significant discrepancies exist in the obtained values of the imaginary part of permittivity at microwave frequencies. Generally, the values of ⑀Љ are characterized by a high-frequency tail of the Debye relaxation spectrum with a relaxation frequency at kHz range and by a lowfrequency tail of the infrared-absorption band. However, the reported values differ by almost half an order of magnitude and it is not even clear what functional form should be used in fitting these data.
Since it is thought that the values of ⑀Љ are of order 10
Ϫ4
, measurements with sufficient accuracy are difficult. Moreover, a small amount of impurity in ice can considerably increase ⑀Љ ͑Mätzler and Wegmüller, 5 Fujita, Shiraishi, and Mae, 7 Matsuoka, Fujita, and Mae, 8 and Moore and Fujita 9 ͒. Recently, Mätzler and Wegmüller 5 carried out measurements over a wide range of frequencies between 2 and 100 GHz at 258 and 268 K with the cavity resonator method and radiometric method. Their results seem to be the most reliable ones at present since they used methods suitable for precise measurement in a low-loss medium and they took into account the impurity content. Koh 10 measured ⑀Љ of ice at frequencies between 26.5 and 40 GHz at 258 and 270 K with the free space method. At 250 K, Surdyk and Fujita 11 used the open resonator method and obtained ⑀Љ at 32 and 39 GHz. Since the temperature range of previous studies was only near the melting point at microwave frequencies, it is necessary to clarify ⑀Ј and ⑀Љ over a wide temperature range in the actual cryosphere ͑down to about 200 K͒.
This article reports the dielectric properties of ice using the cavity and the open resonator methods which are the precise measurement methods for low-loss medium in the frequency range 5-39 GHz and the wide temperature range 190-265 K. Then the frequency and temperature dependence of the real and imaginary parts of permittivity are discussed.
II. EXPERIMENTS

A. Cavity resonator method
Two cylindrical cavities made of Invar operating in TE 01n mode were used to measure the permittivity of ice at frequencies 5 and 10 GHz. The use of a cavity resonator has been described by Horner et al. 12 and by Saito and Kurokawa 13 in detail. The vertical arrangement of the cavity resonator is shown in Fig. 1͑a͒ . The cavities operating in the TE 011 mode for 5 GHz and TE 012 mode for 10 GHz were of diameters 95 and 50 mm, and silver and gold plated, respectively. The axial length was set to about 50 mm by using a movable plunger plate with micrometer for both cavities. The exciting and pickup loops were located on the opposite side from the movable plunger plate. The values of the unloaded quality factor were more than 10 000 and 20 000 for 5 and 10 GHz, respectively, making measurement of small losses of ice possible.
The real part of the permittivity ⑀Ј was obtained from the measured difference between the resonant axial length of the cavity with and without the disk-shaped sample. The imaginary part of the permittivity ⑀Љ was determined by the fre-quency variation method described in Saito and Kurokawa. 13 The half-power bandwidth of the resonance curves of the cavity were measured with and without the sample to obtain the ⑀Љ of the sample. For the dielectric measurement of ice using the cavity resonator method, orientation of ͑only͒ the c axis parallel to the field is not possible because of the circular direction of the electric field lines in the cavity.
B. Open resonator method
The open resonator method has been described by Jones, 14 Cullen 15 and Komiyama, Kiyokawa, and Matsui. 16 The open resonator, which was made of brass and was gold plated, operating in the TEM p,0,q mode, was of the hemispherical type and used at frequencies between 30 and 40 GHz. The vertical arrangement of the open resonator is shown in Fig. 1͑b͒ . It was designed to measure disk-shaped samples with the diameter between 45 and 80 mm. The diameter and the radius of curvature of the concave mirror were, respectively, 175 and 141 mm, and the diameter of the plane mirror was 80 mm. Both mirrors were mounted on an aluminum optical rail and arranged so that the axis of the resonator was vertical. The plane mirror was mounted on a translation stage and was movable in the direction of the resonator axis. Coupling of microwave power into and out of the resonator was done by two 1.5-mm-diam holes with a 5.6 mm center-to-center separation situated symmetrically about the center of the concave mirror. In the fundamental TEM 0,0,q mode, Q values of the empty resonator were about 90 000. In this study, the frequency variation method was used.
The permittivity of the sample is obtained by measuring the resonant frequency and Q value of the resonator with and without the sample. For the measurement, we used modes between TEM 0,0,24 and TEM 0,0,34 . The corresponding resonant frequencies for the empty resonator were between 28.9 and 40.3 GHz. The intensity of the resonant peaks were different from each other among all 11 modes. Only resonant data which have signal/noise ratio more than 10 dB were used for the analysis of Q values. TEM 0,0,28 mode ͑at about 33 GHz͒ and TEM 0,0,34 mode ͑at about 39 GHz͒ always satisfied this condition. Single-crystal ice with the c axis perpendicular to the electric field was measured in this open resonator method. Polycrystalline ice was not used in this method, since we cannot treat polycrystalline ice as uniform ice in this frequency range because of scattering loss at the grain boundaries in polycrystalline ice.
C. Experimental system and procedure
The experimental setup is illustrated in Fig. 2 . Source signals for the cavity resonator measurements were generated using a HP 83623A synthesized sweeper, and a sweeper with HP 83554A millimeter-wave source module was used for the open resonator measurements. The resonant signals were detected by a crystal detector and amplified by NF 5610B lock-in amplifier. All instruments were controlled by a computer. The resonator was set in the freezer, and temperature was measured by a calibrated thermocouple and was accurate to within Ϯ0.2 K. The measured temperature range was between 190 and 268 K for the cavity resonator method, and between 190 and 265 K for the open resonator method. We investigated the temperature coefficient of thermal expansion for the axial length and the diameter or the radius of curvature of the concave mirror of empty resonators before the measurement of ice permittivity.
D. Preparation of ice samples
Polycrystalline ice was made by freezing distilled and de-ionized water in a glass container with diameter of 100 mm. The growth rates of the ice samples were approximately 10 mm per day. The samples were cut from bulk to be free of air bubbles and formed into cylindrical disks. The grain size in the sample was about 5-10 mm and the c axes were randomly oriented. The diameters of samples were 95 and 49 mm at 5 and 10 GHz, respectively, equal to the inner diameters of cavities.
Single-crystal ice was collected from Mendenhall Glacier, Alaska. We prepared samples with the c axis perpendicular to the cylindrical disk surface. Since the diameters of shaped samples were between 45 and 57 mm, single-crystal samples were used for the cavity resonator at 10 GHz and the open resonator at 33 and 39 GHz.
The thicknesses of all samples were between 2.7 and 5.9 mm. The standard deviation of each thickness of sample was within Ϯ0.2%. The impurity concentration of polycrystalline ice was checked by measuring the conductivity of the melted sample after experimentation. The conductivities of the samples were around 1ϫ10 Ϫ4 S m
Ϫ1
. The amount of impurity ions in ice from Mendenhall Glacier was about 0.1 ppm and mainly consisted of Cl Ϫ ions ͑Fujita and co-workers 6 ͒. According to the microwave dielectric properties of ice containing salt and acid impurities ͑Mätzler and Wegmüller 5 and Moore and Fujita 9 ͒, these small amounts of impurities do not significantly affect dielectric properties.
E. Measurement reference
As reference materials, Teflon ͑PTFE͒ and crystal quartz were used for precise measurement of ⑀Ј and ⑀Љ at 293 K. The measured ⑀Ј of the Teflon was 2.060 and the standard deviation was Ϯ0.005 ͑Ϯ0.25%͒ at 5 and 10 GHz. The ⑀Ј of the crystal quartz with the c axis parallel and perpendicular to the electric field were 4.607 and 4.406, respectively, with the open resonator in the range 30-40 GHz. The standard deviation was minimized by using the analysis method in Komiyama and co-workers 16 and found to be Ϯ0.004 ͑Ϯ0.09%͒. The obtained ⑀Ј of the Teflon and the crystal quartz had good agreement with previous reported values.
The ⑀Љ of the Teflon and the crystal quartz are known to be as small as 1ϫ10 Ϫ4 ͑Jones 14 ͒ and 2.5ϫ10 Ϫ4 ͑Afsar, Li, and Chi 17 ͒, respectively. In this study, the measured ⑀Љ of the Teflon was ͑1.5Ϯ0.1͒ϫ10
Ϫ4 with the cavity resonator at 5 and 10 GHz, and ⑀Љ of the crystal quartz ͑perpendicular to the c axis͒ was ͑2.1Ϯ0.4͒ϫ10
Ϫ4 with the open resonator at 30-40 GHz. These results show that cavity and open resonator systems are suitable for measuring the permittivity of low-loss samples such as ice.
III. RESULTS
A. The real part of permittivity
In Fig. 3 the real part of permittivity ⑀Ј of ice is plotted versus temperature with frequency as a parameter. ⑀Ј was measured over 30 temperature points at 5 and 10 GHz, and over 10 points at 33 and 39 GHz in the range 190-265 K. Each result of the cavity resonator method at 5 and 10 GHz is an average for three polycrystalline ice samples. The standard deviations of the ⑀Ј values were Ϯ0.006 ͑Ϯ0.2%͒ at 5 GHz and Ϯ0.009 ͑Ϯ0.3%͒ at 10 GHz. The major sources of variability is the small uncertainty of the sample position in the cavity. Anisotropy was not detected by comparison between the ⑀Ј values of polycrystalline ice and of single crystal ice with the c axis perpendicular to the electric field at 10 GHz. Results of the open resonator method at 33 and 39 GHz show the ⑀Ј values of a single-crystal sample measured perpendicular to the c axis. For the open resonator measurement, the estimated errors in ⑀Ј value were Ϯ0.006 ͑Ϯ0.2%͒ due to decline in the signal/noise ratio of intensity of the resonant peaks at temperature below 230 K. Figure 3 also shows linear approximations for temperature dependence of ⑀Ј obtained by Fujita and co-workers 6 at 9.7 GHz in the temperature range 240-268 K. Fujita and co-workers 6 clarified the anisotropy of ⑀Ј in ice; the reported value was 0.037Ϯ0.007 and about 1.2%Ϯ0.2%. The average ⑀Ј values of polycrystalline ice in this study are between the ⑀Ј values parallel and perpendicular to the c axis at temperature above 240 K reported by Fujita and co-workers. 6 Furthermore, in this study, as shown in Fig. 3 , the ⑀Ј values of ice and the rate of increase, (d⑀Ј/dT), increase with temperature for all frequencies in the temperature range from 190 to 265 K. The absolute ⑀Ј values were consistent with each other in the frequency range of this study, considering the condition that we obtained ⑀Ј values for electric field perpendicular to the c axis at 33 and 39 GHz.
B. The imaginary part of permittivity
The ⑀Љ of ice versus temperature is shown in Fig. 4 with . There was no significant difference in the ⑀Љ values of the polycrystalline ice and the single-crystal ice measured perpendicular to the c-axis at 10 GHz within the estimated error. Thus, it is suggested that the scattering loss at the grain boundaries in polycrystalline ice is small enough to permit polycrystalline ice to be treated as uniform ice below 10 GHz.
The ⑀Љ variations with temperature at each frequency are almost straight lines below 250 K, plotted in semilogarithmic representation, as shown in Fig. 4 . At high temperature above 250 K and low frequency such as 5 GHz, it seems that the measured values of ⑀Љ are larger than the values of the straight line. It can be explained that the increase is due to the effect of the high-frequency tail of the Debye relaxation spectrum. Figure 5 shows the ⑀Љ variation with frequency of this study with temperature as a parameter. Results are only shown at three temperature points in the measured range 190-265 K. Figure 5 also shows the results of Surdyk and Fujita 11 at 250 K using the same open resonator that is used in this study at 33 and 39 GHz, the measured and interpolated values of Mätzler and Wegmüller 5 using cavity resonator and radiometric measurement in the range 2-100 GHz at 258 and 268 K, and the results of Koh 10 using free-space measurement in the range 26.5-40 GHz at 258 and 271 K. The ⑀Љ variation with frequency observed in this study tends to agree well with the previous results. However, at higher frequencies above 33 GHz, the absolute values of ⑀Љ in Mät-zler and Wegmüller 5 and Koh 10 are larger than in this study at 258 K.
IV. DISCUSSION
A. The absolute value and frequency dependence of ⑀Ј As shown in Fig. 3 4 at 100 MHz are 0.010-0.035 higher than that for polycrystalline ice at 5 and 10 GHz in this study. Johari 4 suggested that a minor relaxation process exists at MHz frequencies and is due to the orientation of water molecules at the grain boundaries or at the imperfection sites which required less energy for reorientation. In this sense a decrease in ⑀Ј value with frequency can be explained. The difference of ⑀Ј value between 35 MHz and 5 GHz is 0.030Ϯ0.009 in the temperature range 250-265 K. 20 discussed the temperature dependence of ⑀Ј of the polycrystalline ice in terms of contributions from anharmonic effects to molecular polarizability ␣. They treated the polycrystalline ice of isotropically polarizable material. Then ␣ is given by the Clausius-Mosotti relationship
B. The temperature dependence of ⑀Ј
Johari and Jones
where N i is number of molecules per unit volume calculated for a density of 0.9169 Mg m Ϫ3 at 270 K, taking into consideration the regression line of average expansivity derived from previous work. ␣ is the sum of the electronic polarizability ␣ el and the infrared polarizability ␣ IR caused by the displacement, or vibration, of molecules within the lattice. Since ␣ el ͑ϭ18.85 Å 3 ͒ is independent of the temperature, it appears that ␣ IR increases with temperature. Johari and Jones 20 have found that ␣ IR in polycrystalline ice increases linearly with the square of temperature, as is shown in Fig. 6 , according to the equation
where ␣ 0,IR is the infrared polarizability at 0 K and a is an empirical constant. 20 Since the increase in a value is due to the effects of the orientation polarization at high temperature in MHz frequency, it seems that the a values of microwave data represent more accurate infrared effects than MHz data.
C. The frequency and temperature dependence ⑀Љ
Although minor relaxations which exist between Debye relaxation and the infrared-absorption band have been reported by several investigators ͑Gough and Davidson, 21 Gough, 3 von Hippel, Knoll, and Westphal, 22 Johari, 4 and Johari and Whalley 23 ͒, the observed relaxation frequencies were contradictory to each other without clear detectability. Therefore, the simple suitable model for the frequency dependence of ⑀Љ at microwave frequencies can be expressed by the sum of two components. One is inversely proportional to frequency for the high-frequency tail of the Debye relaxation spectrum and the other is proportional to the frequency for the low-frequency tail of the infrared-absorption band. Mätzler and Wegmüller 5 obtained the equation from fitting of their experimental data, written as follows:
where the coefficients A, B and C are temperature-dependent empirical constants and f is the frequency in GHz. The first term represents the effect of Debye relaxation and the second term corresponds to the effect of infrared absorption.
The temperature dependence of ⑀Љ was not discussed in detail by previous investigators. Walford 24 suggested that the infrared-absorption band showed no temperature dependence. Mätzler and Wegmüller 5 derived the coefficients A, B, and C in Eq. ͑3͒ only at temperatures of 258 and 268 K. The results of our measurements over a wide temperature range show precisely the ⑀Љ change with temperature in the range 190-265 K, as shown in Fig. 4 .
Based on Eq. ͑3͒, we discuss the frequency and temperature dependence of the effect of infrared-absorption band in ⑀Љ considering the effect of the Debye relaxation spectrum reported by previous investigators. First we derive the coefficient A considering only the component of the main Debye dispersion, and then we investigate the possible effect of the minor dispersion which was detected by Johari and Charette. 19 As a result, we can assess whether the latter component is important or not.
Possible effects of the orientational polarization are the main Debye dispersion in the kHz range and minor dispersion in the MHz range. The temperature dependence of the Debye relaxation spectrum below the kHz range has been discussed in several papers ͑Wörz and Cole, 25 Gough and Davidson, 21 Kawada, 26 Johari and Jones, 27 and Johari and Whalley 23 ͒. Therefore, the temperature dependence of A in Eq. ͑3͒, extrapolated from the Debye equation, is represented as follows: where (⑀ 0 Ј Ϫ ⑀ ϱ Ј ) is the difference of the static and highfrequency permittivity and is expressed as
͑5͒
Based on the data in Kawada 26 over a wide temperature range from 123 to 273 K, the constant ␤ was 23 700 and the Curie-Weiss temperature T 0 , was 15 K ͑approximate value estimated from the permittivities parallel and perpendicular to the c axis͒. f r is the relaxation frequency, expressed as Table I as A JC .
The effects of the infrared-absorption band are obtained from the A values described above. The temperature dependence of the low-frequency tail of the infrared-absorption band, B and C, is determined from the difference between the ⑀Љ obtained in this study and A D in the temperature range 190-265 K for the main Debye relaxation, or A JC in the range 248-265 K for the minor relaxation reported in Johari and Charette. 19 In Table II scattering loss effect at grain boundaries in the polycrystalline ice samples, qualitatively. However, additional experiments are necessary to clarify the frequency dependence of the scattering loss effect.
The measurement of the far-infrared tail of the absorption band was performed by Mishima Table II increase as temperature decreases and the value is 1.168 at 200 K at microwave frequencies, the C value derived in Mishima and co-workers 28 was independent of temperature and was unity ͑Cϭ1͒. Although it is not clear why C values increase as temperature decreases from this study, it might be considered that absorption takes place at frequencies below the infrared region.
⑀Љ is calculated as a function of frequency from 10 7 to 2ϫ10 11 Hz and temperature from 190 to 265 K using Eq. ͑3͒ and the coefficients A D , B D , and C D . The derived ⑀Љ only at 200 and 258 K are shown in Fig. 7 , together with the previous measured values. The fitted curves derived in this study are useful for analysis of microwave remote sensing data of ice and snow in the temperature range 190-265 K.
V. CONCLUSIONS
The temperature dependence of the relative complex permittivity of ice has been measured over a wide temperature range from 190 to 265 K using cavity resonators at 5 and 10 GHz and an open resonator at 33 and 39 GHz. The real part of permittivity ⑀Ј in this study was independent of frequency and the values agree with those of Cumming, 18 Koh, 10 and the precise measurement of Fujita and co-workers 6 within their values of anisotropy. The absolute values of ⑀Ј at microwave frequencies were smaller than MHz data, suggesting the existence of minor relaxation at MHz frequencies. The temperature dependence of ⑀Ј was observed and discussed in terms of contributions from anharmonic effects on infrared polarizability.
The frequency dependence of the imaginary part of permittivity ⑀Љ in this study tended to agree with previous results; however, at frequency above 33 GHz, the existence of scattering loss should be investigated for polycrystalline ice samples. In the frequency range 5-39 GHz, the frequency dependence of ⑀Љ was mainly characterized as the lowfrequency tail of the infrared-absorption band due to the lattice vibrations of ice. The temperature dependence of ⑀Љ was observed and the ⑀Љ variation with frequency increased as temperature decreased at 5-39 GHz.
⑀Љ is described as a function of frequency and temperature. The effect of the infrared-absorption band, which is frequency and temperature dependent, has been compared to the results of Mätzler and Wegmüller 5 at 258 K and the extrapolated values of far-infrared measurements in Mishima and co-workers 28 at 200 K. In the frequency range 5-39 GHz the ⑀Љ values in this study bridged the gap of previous results between 200 and 258 K. Therefore, the derived fitted curves for frequency and temperature dependence of ⑀Љ are useful for analysis of the microwave remote sensing data of the cryosphere. Additional experiments are necessary to clarify whether other effects of the infrared absorption band exist below far-infrared frequencies.
